Windows are the most extraordinary elements of building exteriors because they can influence the occupants from not only a physiological perspective but also a psychological perspective. Similar to other elements such as walls and roofs, windows provide the occupants with a shield against inclement weather. Additionally, windows help connect the occupants and the outside world. These distinct roles necessitate that windows are simultaneously "opaque" to environmental factors that can cause discomfort and transparent to observers; they also make windows an element that can reduce the energy efficiency of buildings[@b1]. A variety of advanced windows have been developed to reduce the energy consumption used to maintain thermal comfort in buildings[@b2][@b3][@b4]. To set a common standard for the analysis of these windows, we have previously reported the concept of the perfect windows[@b5] whose diagrammatic sketch is shown in [Figure 1](#f1){ref-type="fig"}. In theory, perfect windows have the best energy performance among all windows, and their spectral properties are shown in [Table 1](#t1){ref-type="table"}. The energy performance of a particular advanced window can be evaluated from a common standpoint via comparison with the perfect windows.

Based on the properties of perfect windows, two types of radiation flux must be regulated by windows: the long-wave thermal radiation emitted by objects at normal temperatures, and the solar radiation emitted by the sun, at a surface temperature of \~6000 K. Low emissivity (low-e) windows, which can attenuate the propagation of long-wave thermal radiation, and chromogenic windows[@b6][@b7], whose solar radiation properties can change when triggered by an external stimulus, are two typical advanced windows designed to regulate these two types of radiation. A low-e window usually contains a coating with low emissivity on the indoor side of the glazing substrate[@b8]. With this coating, the long-wave thermal radiation from the outdoor environment cannot enter the room in the summer, and the thermal radiation from indoor surfaces cannot escape the room in the winter, theoretically resulting in lower energy consumption during both seasons. The thermochromic window[@b9][@b10][@b11], whose transition depends on the temperature, is a widely investigated type of chromogenic window. It has two states: a transparent state with a higher solar transmittance and an opaque state with a lower solar transmittance, which are used when the window\'s temperature is below and above, respectively, a given transition temperature (*T~τ~*). The radiation property transition feature is similar to the above-mentioned transition between the perfect window for winter and for summer, implying that the thermochromic window has the potential to have excellent energy performance. Vanadium dioxide (VO~2~) is one of the most promising thermochromic materials[@b6]. Materials scientists have made many efforts to improve the properties of VO~2~, such as reducing the transition temperature[@b12][@b13] and enhancing the visible transmittance and solar modulation ability[@b14]. Warwick et al. have pointed out that the thermochromic window with an energy-efficient benefit requires an ideal transition temperature between 20 and 25°C as well as a high visible transmittance and solar modulation ability[@b15]. When within this idea transition temperature range, a thin transition hysteresis width and a sharp gradient of the thermochromic materials can further improve the energy-efficient performance[@b16][@b17].

Thermochromic windows are considered "smart" devices. In some references, they are also called as "highly efficient", "switchable"[@b13] or "intelligent"[@b15] windows. Here, the word "smart" is used to describe the natural ability of the windows to intelligently regulate the solar transmittance when triggered by temperature: as the temperature increases, the solar transmittance decreases to block the undesirable solar radiation. According to the law of energy conservation, radiation can be blocked through reflection and/or absorption by the window when the radiation is prevented from passing through the window. In perfect windows, the undesirable radiation is blocked by reflection. As [Table 1](#t1){ref-type="table"} shows, when the spectral transmittance (*τ~λ~*) of the undesirable radiation is zero, the corresponding spectral absorptivity (*α~λ~*) is also zero, which means that the undesirable radiation is completely reflected. In most existing thermochromic windows, the undesirable radiation is blocked mainly through absorption by thermochromic materials. It is generally believed that during the summer, as the temperature increases, "smart" thermochromic windows should result in lower energy consumption because of their lower solar transmittance. However, we have discovered that the absorbed radiation can be converted into heat in the window and then transferred to the indoor environment through thermal radiation and convection, which is disadvantageous for energy efficiency in the summer. Consequently, the absorption effect may lead to increased energy consumption as the temperature increases[@b5]. This discovery leads to the requirement of a more comprehensive understanding of the "smart" thermochromic windows. It implies that not all thermochromic materials are as smart or beneficial as they were thought to be, due to the absorption effect. We have taken a step forward with another discovery that the so-called "smartness" could be estimated via the modulation of the radiation properties between different states[@b18]. However, additional important and fundamental questions remain. How should a "smart" window behave? Is a "smart" window the best candidate for energy-efficient applications? What is the relationship between smartness and energy performance? To answer these questions, we will take another step further by redefining "smartness" and discussing the relationship between smartness and energy performance.

Results
=======

Redefinition of smartness
-------------------------

The definition of "smartness" has been somewhat ambiguous. For a thermochromic window, the word "smart" has usually been used to describe the window\'s capacity to regulate its properties, especially its solar transmittance, in response to changing temperature[@b1]. The goal of regulating the solar transmittance of a thermochromic window is actually to regulate the energy loads for both space cooling and heating and, ultimately, to achieve energy efficiency. Consequently, we would like to define "smartness" directly on the basis of the corresponding energy performance. Our new definitions of the different behavior types for thermochromic windows are listed in [Table 2](#t2){ref-type="table"}: The word "smart" is now used to describe the energy performance over an entire year. "Inefficient" thermochromic windows should not be used in building applications. "Efficient" windows behave like common energy-efficient windows without a smart regulation capacity, unlike smart windows, which can reduce the energy load intelligently. It should be noted that the word "advantageous" or "disadvantageous" in [Table 2](#t2){ref-type="table"} implies a better or worse energy performance than a given standard. Here, the standard window is chosen to be an ordinary window of plain glass whose solar transmittance, solar absorptivity and long-wave thermal emissivity are 77.1, 15.9 and 83.7%, respectively. This type of glass is commonly used in residential buildings. If the energy consumption of a room with a particular thermochromic window is less during a period of time than that with the standard window, i.e., the use of this thermochromic window is advantageous for energy efficiency, then the thermochromic window is labeled as advantageous; otherwise, it is disadvantageous. Using the new definitions, the performance of a particular thermochromic window can be labeled as a particular type from a simple perspective rather than from the complicated relationship between temperature and solar radiation properties.

Assumptions for the discussion on potential thermochromic windows
-----------------------------------------------------------------

Our goal is to perform an analysis of all potential thermochromic windows to discover the general relationship between smartness and energy performance. Several parameters are needed to evaluate each thermochromic window, such as the transition temperature, the solar radiation properties in both states and the long-wave thermal radiation properties. Therefore, the number of potential thermochromic windows is theoretically infinite due to the infinite possible combinations of these parameters. To make the analysis feasible, the transition temperature is set as 10, 20, 30, 40 or 50°C. The radiation properties of each of the potential thermochromic windows at each transition temperature should then obey the following assumptions:The radiation properties vary from zero to unity at an interval of 0.1.Although the long-wave thermal emissivity of thermochromic windows can be regulated with a multilayered structure[@b19][@b20], the basic feature of thermochromic materials is their ability to modulate solar radiation. In this study, the long-wave thermal emissivity is set at a value of 83.7% under the assumption that the thermochromic material is plated with an ordinary glazing substrate, and the thermochromic window\'s emissivity is equal to that of a standard window.In most current thermochromic windows, undesirable solar radiation is regulated through absorption by the thermochromic material[@b21][@b22][@b23]. Although it has been revealed that the high solar absorptivity in the opaque state was disadvantageous for energy efficiency[@b5], for these thermochromic materials, the variation in the absorptivity with temperature is actually the fundamental and dominant cause of the regulation of the transmittance. Consequently, the solar absorptivity in the opaque state is greater than that in the transparent state, and the solar transmittance in the opaque state is less than that in the transparent state.According to the law of conservation of energy, the sum of the solar transmittance and absorptivity is not greater than unity in either state.

Consequently, at each transition temperature, there are 1716 potential types of thermochromic windows, each with a particular combination of solar transmittance and absorptivity in the transparent state and the opaque state, respectively.

The transition temperature with the greatest proportion of smart thermochromic windows
--------------------------------------------------------------------------------------

The energy consumption performance of a typical residential room containing one of the potential thermochromic windows was simulated using an energy modeling program called BuildingEnergy (see [Supplementary Figure S1](#s1){ref-type="supplementary-material"} online). This room has internal dimensions of 4 m × 3.3 m × 2.8 m (length × width × height). It contains a single exterior wall facing south, in the center of which there is a 1.5 m × 1.5 m single-glazed window (see [Supplementary Figure S2](#s1){ref-type="supplementary-material"} online). The thermochromic coating is on the outdoor surface of the glazing. The room is assumed to be in Shanghai, which is located at latitude 31N and longitude 121E and has a cooling season from June 24th to September 15th and a heating season from December 6th to March 22nd of the following year. The indoor temperature of the room is maintained with heating, ventilation and air conditioning (HVAC) facilities at 18 and 26°C in the heating and cooling seasons, respectively.

At each transition temperature, the energy consumption of each of the potential thermochromic windows during cooling and heating was calculated first. The energy consumption behavior type of each window was then labeled according to the information in [Table 2](#t2){ref-type="table"}. The type statistics associated with each transition temperature are shown in [Figure 2](#f2){ref-type="fig"}. The number of smart thermochromic windows first increases and then decreases as the transition temperature decreases. At a transition temperature of 50 or 40°C, there are no smart windows, and the inefficient windows represent approximately 88% of the 1716 potential thermochromic windows. The percentage of smart windows at a transition temperature of 10°C is only 0.3%. According to the definition of smart windows, the energy consumption of a smart window should be less than that of an ordinary window in both the cooling and heating seasons. Because the appropriate radiation properties for energy efficiency during cooling and heating are distinct, a state transition is necessary. Transition temperatures of 10, 40 or 50°C, however, are either too low or too high for a state transition to occur, maintaining the thermochromic window predominantly in a single state; consequently, it is non-smart. The negligible number of smart windows indicates the inappropriate nature of these transition temperatures.

The percentage of smart thermochromic windows increases to \~5% at a transition temperature of 30°C and reaches a peak of \~11% at 20°C. The set points for the indoor temperature are 18 and 26°C for heating and cooling, respectively, and the transition temperature of 20°C is within this temperature range, making it convenient for state transition between different seasons. The number of efficient windows is also the largest at a transition temperature of 20°C. As [Figure 2](#f2){ref-type="fig"} shows, the optimal transition temperature, at which the largest number of both smart and efficient windows exist, is 20°C. It should also be noted that the discussed transition temperatures have a relatively large interval of 10°C, which means that another transition temperature between 10 \~ 20 or 20 \~ 30°C might be even better than 20°C. Our previous study[@b5] investigated the optimal transition temperature for an ideal thermochromic window, and we found that the optimal value was 21°C, which is very close to 20°C. Consequently, a transition temperature of 20°C may be considered appropriate for this study. The following discussion will focus on the energy performance associated with a transition temperature of 20°C.

Energy Consumption Index frequency distribution
-----------------------------------------------

The Energy Consumption Index (ECI) was calculated to obtain the frequency distribution shown in [Figure 3](#f3){ref-type="fig"} for a transition temperature of 20°C. The ECI is a dimensionless parameter used to evaluate energy performance[@b5]. The ECI of a particular window is defined as the ratio of the energy consumption of the room containing the window to the corresponding value of the same room with a perfect window. The ECI of a perfect window is unity, and the ECI of the standard window in this study is calculated to be 1.115 and 1.630 for the cooling and heating seasons, respectively. A higher ECI results in greater energy consumption, and an ECI closer to unity produces energy performance closer to that of the perfect window.

As [Figure 3 (a)](#f3){ref-type="fig"} shows, at a transition temperature of 20°C, many thermochromic windows have a lower ECI than that of the standard window during the cooling season. There are also many windows whose ECI is less than that of the perfect window during the summer. This phenomenon seems puzzling because the perfect window should, in theory, have the lowest ECI. According to [Table 1](#t1){ref-type="table"}, in summer, the perfect window can meet the demand of providing illumination with a visible transmittance of 100%. Because the visible part of the spectrum carries approximately 42.8% of the total solar energy[@b24], the solar transmittance of the perfect window for summer can be regarded as 42.8%. However, thermochromic windows are discussed from the perspective of energy consumption for HVAC in this study, and the visible transmittance is integrated into the solar transmittance. As a result, if a thermochromic window has a solar transmittance that is substantially less than 42.8% (at the expense of illumination), it is possible for its ECI to be less than that of the perfect window. The thermochromic windows whose ECIs are much less than unity are generally poor choices for natural light illumination.

The distribution of ECI frequency counts in the heating season, as shown in [Figure 3 (b)](#f3){ref-type="fig"}, is quite different from that in the cooling season. Most of the thermochromic windows have higher ECIs than the standard window, and there is no ECI lower than unity. The solar transmittance of the standard window has a relatively high value of 77.1%, which means that many thermochromic windows have a lower solar transmittance. Consequently, there are only a few energy-efficient windows in the heating season. With a perfect window for winter, long-wave thermal radiation can only enter but cannot leave the room; with thermochromic windows, long-wave thermal radiation can be absorbed by the window and then emitted to the outdoor environment. Because of this difference in long-wave thermal radiation characteristics, the ECIs of the thermochromic windows are always greater than that of the perfect window during the heating season.

The total energy consumption over an entire year includes both cooling and heating requirements. Considering the difference in the coefficient of performance (COP), it is inappropriate to directly sum the energy consumption for cooling and heating. In engineering design, cooling and heating consumption are generally transformed into electric power by dividing by the COP, and they can then be summed. In Shanghai, the recommended COP values for cooling and heating are 2.3 and 1.9, respectively[@b25]. The ECI of a thermochromic window over an entire year is obtained by calculating the ratio of the total energy consumption of the thermochromic window to that of the perfect window. [Figure 3 (c)](#f3){ref-type="fig"} shows that the distribution of the annual ECI frequency is approximately normal. The ECI of the standard window is 1.384, which is greater than approximately one-third of the potential thermochromic windows, meaning that approximately one-third of the windows are efficient or smart, consistent with the results shown in [Figure 2](#f2){ref-type="fig"}. No thermochromic windows have a lower ECI than the perfect window. However, there are a few ECIs that are very close to unity, which indicates the possible existence of thermochromic windows with excellent energy performance. These ideal windows will be discovered step by step.

[Figure 3](#f3){ref-type="fig"} shows that there are many more thermochromic windows that are efficient in the cooling season (\~98% of all thermochromic windows) than in the heating season (\~12%). This poor performance during winter leads to only \~36% of all thermochromic windows being efficient over the entire year, meaning that performance in the heating season is the critical factor for annual performance. According to the definition, smart windows should be efficient in both the cooling and heating seasons, which indicates that the number of smart windows should not exceed 12% of the total number of windows. As [Figure 2](#f2){ref-type="fig"} shows, the percentage is \~11%.

Effect of solar modulation ability on energy consumption
--------------------------------------------------------

The overall energy consumption performance is shown in [Figure 3](#f3){ref-type="fig"} from a qualitative perspective. A more important issue now is the relationship between the radiation properties of the windows and their smartness. The solar modulation ability (Δ*τ*~solar~) is a key parameter for thermochromic material estimation, and it is defined as the difference in solar transmittance between the transparent state and the opaque state. [Figure 4](#f4){ref-type="fig"} shows the effect of the solar modulation ability on the thermochromic windows\' performance at a transition temperature of 20°C.

[Figure 4 (a)](#f4){ref-type="fig"} shows the percentages of each behavior type at different solar modulation abilities. As Δ*τ*~solar~ increases, the percentage of inefficient windows decreases, and the percentages of efficient and smart windows increase. At an appropriate transition temperature, as Δ*τ*~solar~increases, the solar transmittance will decrease during the cooling season and increase during the heating season, leading to an increased possibility for a window to be smart. This tendency confirms the advantage from a smartness perspective of enhancing a window\'s solar modulation ability. Such enhancement is the focus of research of many materials scientists. Smart windows appear achievable when Δ*τ*~solar~ is greater than or equal to 10%, indicating that Δ*τ*~solar~ needs to be enhanced to at least approximately 10% to have the possibility of being a smart window. All of the windows are smart when Δ*τ*~solar~ is 90 or 100%; however, such high solar modulation ability values are obtained by having a very high solar transmittance in the transparent state and very low solar transmittance in the opaque state. In the extreme case, a Δ*τ*~solar~ of 100% means a solar transmittance of 100% in the transparent state and one of zero in the opaque state. Note that the ordinate in [Figure 4 (a)](#f4){ref-type="fig"} is a percentage rather than a number. The number of thermochromic windows decreases as Δ*τ*~solar~ increases.

Of the three behavior types, we are most interested in the smart and efficient types, and we are especially interested in the energy consumption of these types. [Figure 4 (b)](#f4){ref-type="fig"} shows the ECI ranges at different solar modulation abilities for the smart and efficient window types. In the figure, the height represents the ECI level on the vertical axis, and the length represents the range: the longer the bar, the larger the ECI range. The lowest ECI appears when Δ*τ*~solar~ is 100%. The bars for the smart and efficient types overlap one another except at Δ*τ*~solar~ levels of 0, 90 and 100%. For each Δ*τ*~solar~ value where overlap of the ECI bars occurs, the highest and lowest ECIs are presented by the efficient and smart windows, respectively, indicating that the smart windows provide better performance than the efficient ones under optimized cases. The overlap indicates that the ECIs of the smart windows are not necessarily lower than those of the efficient ones, which raises the questions of how to identify the behavior type of a particular thermochromic window and how to determine its specific ECI.

Evaluation of the behavior type and performance of a particular thermochromic window
------------------------------------------------------------------------------------

An overview of the smartness and energy performance of all of the thermochromic windows at a transition temperature of 20°C was provided above. Additionally, we want to connect a particular thermochromic window with its behavior type and energy performance. It is quite a challenging task to determine a concise relationship because four parameters (the solar transmittance and absorptivity in the transparent and opaque states) are needed to characterize a particular thermochromic window in this study. It is observed from [Figure 4](#f4){ref-type="fig"} that the ECI is greatly affected by Δ*τ*~solar~. In fact, Δ*τ*~solar~ contains two of the four parameters, suggesting that the remaining two parameters can similarly be integrated into one parameter. Here, we define the solar absorption variation (Δ*α*~solar~) as the difference in the solar absorptivity between a thermochromic window\'s two states. As shown in [Figure 5 (a)](#f5){ref-type="fig"}, with Δ*τ*~solar~ as the abscissa and Δ*α*~solar~ as the ordinate, a strong regularity is observed in the color contour between the annual ECI and the thermochromic windows\' radiation properties. Each thermochromic window can be located on the contour according to its radiation properties, and its ECI can then be estimated. Note that a specific combination of Δ*τ*~solar~ and Δ*α*~solar~ may represent more than one thermochromic window, especially when Δ*τ*~solar~ and Δ*α*~solar~ are small. The overlapping ECI values for identical coordinates are averaged to obtain a statistical value. The coefficient of variation, defined as the ratio of the standard deviation to the mean, can be used to measure the dispersion of ECIs with identical coordinates (see [Supplementary Figure S3](#s1){ref-type="supplementary-material"} online). The largest coefficient of variation for the averaged ECIs is 5.64% (with a corresponding standard deviation and mean of 0.084 and 1.489, respectively), which demonstrates the acceptability of using the averaged values.

As [Figure 5 (a)](#f5){ref-type="fig"} shows, the ECI decreases as Δ*τ*~solar~ increases and Δ*α*~solar~ decreases. The lowest ECI for the entire year is obtained when Δ*τ*~solar~ and Δ*α*~solar~ are 100% and 0%, respectively. For this ideal case, the solar absorptivity remains unchanged between the window\'s different states, meaning that the dramatic change in the solar transmittance is achieved by varying the solar reflectance. This mechanism of changing the solar transmittance is similar to that of the perfect window, so that the ECI for this case is close to unity and can be lowered further by the long-wave thermal radiation properties. There are two special lines in [Figure 5 (a)](#f5){ref-type="fig"}: the 1.384 contour (dash-dot line) and the line on which Δ*τ*~solar~ is equal to Δ*α*~solar~ (dashed line). The former represents the annual ECI of the standard window. The ECIs to the left of the dash-dot line are greater than those of the standard window, making the thermochromic windows located in the left domain inefficient. The ECIs on the other side are lower, making the windows in the domain on the right efficient or smart. It is observed that the inefficient windows have relatively small Δ*τ*~solar~ values, and as Δ*α*~solar~ increases, Δ*τ*~solar~ must also be increased to make the window efficient or smart. Regarding the other (dashed) line, the thermochromic windows located in the domain above the line have a greater Δ*α*~solar~ than Δ*τ*~solar~. Because the solar transmittance in the transparent state (*τ*~solar,t~) is higher than that in the opaque state (*τ*~solar,o~) and the solar absorptivity in the transparent state (*α*~solar,t~) is less than that in the opaque state (*α*~solar,o~), the solar reflectance relationship between these two states, *ρ*~solar,t~ and *ρ*~solar,o~, is determined by the relationship between Δ*τ*~solar~ ( = *τ*~solar,t~ − *τ*~solar,o~) and Δ*α*~solar~ ( = *α*~solar,o~ − *α*~solar,t~). The difference between *ρ*~solar,t~ and *ρ*~solar,o~ should be equal to the difference between Δ*α*~solar~ and Δ*τ*~solar~. If Δ*α*~solar~ is greater than Δ*τ*~solar~, then *ρ*~solar,t~ will be greater than *ρ*~solar,o~. Otherwise, a higher Δ*τ*~solar~ means a higher *ρ*~solar,o~. A higher solar reflectance in the opaque state indicates that the reduced solar radiation transmitted into the building is partially reflected, rather than entirely absorbed, after the window transforms into its opaque state from the transparent state. The reflection of the solar radiation has a greater effect on the energy performance than the absorption due to the reduction in the transmitted solar radiation of the perfect window. Consequently, in the domain above the dashed line, the inefficient area is much larger than elsewhere, and Δ*τ*~solar~ must be larger to make the window efficient or smart. In the domain below the dashed line, the inefficient area is much smaller. This difference between the domains separated by the dashed line emphasizes the importance of reflection in improving thermochromic materials.

The energy performance of a particular thermochromic window can be found using [Figure 5 (a)](#f5){ref-type="fig"}. However, the smartness cannot be identified completely because only inefficient windows are distinct, whereas efficient and smart windows are mixed together. As [Table 2](#t2){ref-type="table"} shows, efficient and smart windows cannot be distinguished using the annual ECI because both types have better energy performance than the standard window over the entire year. According to the definitions, they must be distinguished further by their performance during the cooling and heating seasons. Similarly to [Figure 5 (a)](#f5){ref-type="fig"}, the seasonal performance is shown in [Figure 5 (b)](#f5){ref-type="fig"} using a color contour for the ECI. The abscissa and ordinate are the solar transmittance and solar reflectance, respectively. At a transition temperature of 20°C, a window is primarily in its transparent state and its opaque state during the heating and cooling seasons, respectively, with the window radiation properties corresponding to the state in each season. The ECIs for the cooling and heating seasons are located in the lower left and upper right domains, respectively. In the cooling season, the ECI decreases as the solar transmittance decreases and the solar reflectance increases; in the heating season, the ECI decreases as the solar transmittance increases and the solar reflectance decreases. The ECIs during the cooling season are lower than those in the heating season, indicating that thermochromic windows provide better performance in the cooling season. The ECI contour lines for the standard window are shown with dash-dot lines, and the contour for the perfect window for summer is shown with a dotted line. The thermochromic windows located to the left of the dash-dot lines have lower ECIs than the standard window. It is apparent that the area in which the ECIs for the cooling season are less than 1.114 is much larger than the area in which the ECIs for the heating season are lower than 1.630, meaning that thermochromic windows are more likely to be advantageous during the cooling season. A particular thermochromic window\'s energy performance and smartness can be estimated using [Figure 5](#f5){ref-type="fig"}: if the window is located in the advantageous regions for both seasons in [Figure 5 (b)](#f5){ref-type="fig"}, it is a smart window; if it is located in the advantageous region for only one season in [Figure 5 (b)](#f5){ref-type="fig"}, it will be an efficient window if it is to the right of the dash-dot line in [Figure 5 (a)](#f5){ref-type="fig"} and an inefficient window otherwise; if the window is not located in the advantageous region for either season in [Figure 5 (b)](#f5){ref-type="fig"}, it is an inefficient window. The window\'s ECI over an entire year can be estimated from [Figure 5 (a)](#f5){ref-type="fig"}.

To bridge the gap between the existing materials and the discussed potential materials, three current VO~2~ samples were chosen to show how to characterize their energy performance and smartness. The summary of the spectral properties for VO~2~-A[@b26], B[@b21] and C[@b23] can be seen in the previous work[@b18] (or see [Supplementary Table 1](#s1){ref-type="supplementary-material"} online). With the assumption of a transition temperature of 20°C, they were located in [Figure 5](#f5){ref-type="fig"} according to their spectral properties. In [Figure 5 (b)](#f5){ref-type="fig"}, all these samples are located in the advantageous region for the cooling season, while in the disadvantageous region for the heating season, indicating the absence of a smart window for all these samples. Regarding the energy performance over the entire year, all of them are to the left of the dash-dot line in [Figure 5 (a)](#f5){ref-type="fig"}, meaning that they are inefficient windows without any energy-efficient benefit.

Discussion
==========

Smart windows, such as thermochromic windows, are being developed rapidly because of their great energy saving potential in building applications. In addition to technical research on improving window properties, theoretical research should also be performed to guide the technical research. In this paper, the smartness of windows was discussed, providing general information on the smartness and energy performance of thermochromic windows.

The transition temperature of a thermochromic window should be low enough for the transition process to occur. In this study, we showed that a transition temperature of approximately 20°C would be optimal for smart windows. At this transition temperature, approximately 11% of the 1716 potential thermochromic windows were labeled as smart. The transition temperature can be controlled within a wide range, from \~60°C to room temperature[@b27]. A transition temperature of 30°C is a common value at which enhanced optical properties are demonstrated[@b28]. Smart windows can be fabricated with this transition temperature; however, this will most likely be difficult because of the very small number of windows that are smart at this temperature. The use of materials with a transition temperature above 30°C may save energy consumption, but these materials behave only as common energy-efficient materials without intelligence. A solar control window may have the same energy performance as these thermochromic windows and would be preferred for its much lower cost.

Among the properties discussed in this study, the transition temperature is a significant factor that affects a thermochromic window\'s energy performance, but it is not the sole factor because even at a transition temperature of 20°C, most windows are inefficient. For a particular transition temperature, the solar modulation ability and solar absorption variation dominate the energy performance. However, the solar modulation ability of most current thermochromic windows is below 10%[@b28][@b29]. This is quite a poor value because windows with this value are predominantly inefficient according to [Figure 5 (a)](#f5){ref-type="fig"}. For a window to behave as an efficient or smart window, its solar modulation ability must be increased to \~30%, and its solar absorption variation should be near zero. A low solar absorption variation means that the solar transmittance is regulated partly via reflection. Although undesirable solar radiation is regulated via absorption in all of the thermochromic windows in this study, the windows whose solar absorption variation is less than their solar modulation ability are more likely to be efficient or smart, which demonstrates the importance of reflection. The best energy performance can be achieved at zero solar absorption variation, with an ECI very close to that of the perfect window. Although the regulation of long-wave thermal radiation properties is beyond this study\'s scope, their effect on energy performance should not be ignored. As our previous study concluded[@b30], perfect windows could be achieved through the simultaneous control of solar spectrum properties and long-wave thermal properties.

Through the discussion, we can reach the following conclusions. The energy-efficient performance is improved with the increase in the solar modulation ability (the difference in solar transmittance between the transparent state and the opaque state) and the decrease in the solar absorption variation (the difference in the solar absorptivity between the transparent state and the opaque state). Regarding the specific demands of being smart thermochromic glazing, first the transition temperature should be near 20°C because at this transition temperature the glazing will most likely be smart. Then its solar modulation ability must be increased to \~30%. In addition, the solar absorption variation should be near zero. For a particular thermochromic material, its specific energy-efficient performance can be estimated through the color contours.

Methods
=======

Building Energy program
-----------------------

This modeling software was compiled based on a non-steady-state heat transfer model. In the software, the building envelope and the indoor and outdoor air were divided into hundreds of nodes. For each node, the energy conservation equation was based on the implicit difference method. The equations for all of the nodes in the temperature field formed a matrix. The temperature field was determined by solving the matrix via the Gauss--Seidel iteration method. The transition hysteresis width and gradient of the thermochromic materials can also influence the energy-efficient performance. However, these transition properties were not discussed further in this study. Comprehensive researches on these properties have been performed by the Binions group[@b16][@b17]. BuildingEnergy has been validated using ANSI/ASHRAE Standard 140-2004 ("Standard Method of Test for the Evaluation of Building Energy Analysis Computer Programs") in our previous work[@b2]. We also validated the program through a series of experiments conducted in full-size rooms[@b31].

Details of the residential room
-------------------------------

The room is assumed to be in a middle story of a multi-story residential building. The room has internal dimensions of 4 × 3.3 × 2.8 m^3^ (length × width × height) and contains only one exterior wall, with a 1.5 × 1.5 m^2^ single-glazed window in the center of the wall. The inner heat gain from the occupants and equipment is taken to be 4.3 W per unit of floor area, and the heat gain from the lighting is 3.5 W per unit of floor area while the lights are on, from 18:00 until 22:00 each day. The ventilation rate is set as 1.0 air changes per hour (ACH) when the space cooling or heating is operating and 10.0 ACH at all other times. There are two primary simulation hypotheses in BuildingEnergy: (1) the indoor temperature of the room and the adjacent rooms are assumed to be the same, and therefore, there is no heat transfer via the interior walls; and (2) the heat transfer via the exterior wall and glazing is assumed to be one-dimensional. The climate data used in BuildingEnergy were the typical yearly meteorological data provided by the Chinese Architecture-specific Meteorological Data Sets for Thermal Environment Analysis.
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![Diagrammatic sketch of perfect windows.\
The perfect windows for (a) summer and (b) winter are shown. The orange arrows represent solar radiation, the yellow arrows represent long-wave thermal radiation emitted by the outdoor environment, and the blue arrows represent the long-wave thermal radiation emitted by indoor surfaces. The perfect window for summer permits the visible light in the solar spectrum to be transmitted into the room to provide indoor illumination and enable observation, but it also reflects solar radiation in other spectra to reduce the heating of the indoor environment. Simultaneously, the long-wave thermal radiation from indoor surfaces is transmitted through the perfect window for summer, but the thermal radiation from the outdoor environment is reflected back by the window. This one-way transmission of long-wave thermal radiation allows thermal radiation to be transferred only from the indoors to the outdoors, which is advantageous for reducing the cooling load. During the heating season, the perfect window for winter transmits both the solar radiation and the long-wave thermal radiation from the outdoor environment, but it reflects the long-wave thermal radiation from the indoor surfaces. This allows the maximum possible heat compensation from the outdoors and the minimum possible heat loss from indoors. This figure was created by L.L. and revised by H.Y.](srep06427-f1){#f1}

![Type statistics associated with the transition temperature.\
The percentages of each type are shown for different transition temperature values.](srep06427-f2){#f2}

![Energy Consumption Index (ECI) frequency counts for the cooling season, the heating season and an entire year at a transition temperature of 20°C.\
Each thermochromic window has an ECI value. The ECI frequency counts represent the energy performance distribution for all of the thermochromic windows for (a) the cooling season, (b) the heating season and (c) an entire year. The ECI values of the perfect windows (PW) and the standard window (SW) are also shown.](srep06427-f3){#f3}

![Effect of the solar modulation ability on performance at a transition temperature of 20°C.\
(a) The percentages of each behavior type at different solar modulation abilities. The percentages at each solar modulation ability are relative values. The absolute number of thermochromic windows decreases as the solar modulation ability increases. (b) The ECI ranges of smart and efficient windows at each solar modulation ability.](srep06427-f4){#f4}

![ECI contour for a particular thermochromic window.\
(a) The annual ECI contour. (b) ECI contours for the cooling season and the heating season. Using (a), inefficient windows can be identified, whereas smart or efficient windows can be identified using (b).](srep06427-f5){#f5}

###### Spectral properties of perfect windows

                                                 Solar spectrum   Long-wave thermal radiation (*λ* \> 2.5 μm)         
  -------- --------------------------------- ------------------- --------------------------------------------- ------ ------
  Summer    Spectral transmittance (*τ~λ~*)         100%                              0%                         0%    100%
             Spectral reflectance (*ρ~λ~*)           0%                              100%                       100%    0%
            Spectral absorptivity (*α~λ~*)           0%                               0%                         0%     0%
  Winter    Spectral transmittance (*τ~λ~*)         100%                             100%                       100%    0%
             Spectral reflectance (*ρ~λ~*)           0%                               0%                         0%    100%
            Spectral absorptivity (*α~λ~*)           0%                               0%                         0%     0%

###### Definitions of three window behavior types according to their energy performance

  Behavior type                Cooling season    Heating season        Annual
  --------------------------- ----------------- ----------------- -----------------
  Smart                         Advantageous      Advantageous      Advantageous
  Efficient (but not smart)     Advantageous     Disadvantageous    Advantageous
                               Disadvantageous    Advantageous      Advantageous
  Inefficient                   Advantageous     Disadvantageous   Disadvantageous
                               Disadvantageous    Advantageous     Disadvantageous
                               Disadvantageous   Disadvantageous   Disadvantageous
